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INTRODUCTION 

The presence of certain metals in oil extracted from t a r  sands can have undesirable cata- 
lytic effects on refining and combustion. The  cumulative effect of some of these metals on refining 
makes even t race amounts a ser ious problem. The technique of electron paramagnetic resonance 
(EPR) provides a sensitive means of detecting metal ions which exhibit the property of paramagne- 
t ism such as V4+, Mn2+ and Fe3+. 

spectrum which they attribute to the  paramagnetic vanadium ion V4+ in the form of the vanadyl ca- 
tion VO2+ bound in a porphyrin complex. Similar spectra  have been observed for  tar sand samples 
from the Athabasca deposit in Alberta, Canada (5, 6). Vanadium concentrations in various U. S. 
tar sands have been investigated by Branthaver and Dorrence (7) using optical colorimetry and UV 
spectroscopy. Using EPR on a tar sand sample from the P. R. Spring outcrop in Utah, Malhotra 
and Graham (8) have shown that no vanadium i s  present in the organic fraction in the V4+ state, but 
that there  i s  inorganically bound vanadium in the clay fraction. This i s  consistent with the findings 
of Branthaver and Dorrence (7). 

from Circle Cliffs, Utah which, like P. R. Spring, is a l so  one of the areas from which samples 
were taken for the Branthaver and Dorrence study (7). For Circle  Cliffs, they reported the organic 
fraction to contain some vanadium but none that was porphyrin-bound. 

Numerous authors (1-4) have applied the technique to petroleum and observed a n  EPR 

In the present study, the EPR technique has  been applied to a tar sand sample originating 

I 

PROCEDURE 

The tar sand sample (USBM-3851) was separated into various fractions by Soxhlet extrac- 
tion using the method described in (9). The whole tar sand was separated into an organic fraction 
(bitumen) and an inorganic fraction (mineral matter) using benzene. The  bitumen was further se- 
parated using heptane into a heavy end fraction (asphaltene) and a light end fraction (petrolene). 

sample tubes in a rectangular TE102 mode cavity of a 9 .1  GHz (Varian V-4500) spectrometer with 
100 kHz magnetic field modulation. 

Fourier transform 
lnfrared (FTIR) spectra  of this  fraction were obtained by grinding a small  sample of mineral with 
KBr in a 1:lOO ra t io  (by weight) using a Wig-L-Bug, pressing the mixture into a pellet and scanning 
with a Nicolet 5-DXE lTIR spectrometer. 

EPR measurements were  made by placing the various fractions into 3 mm O.D. quartz 

The mineral matter was dried in an  oven at 110°C for  several  hours. 

RESULTS AND DISCUSSION 

I 
The EPR spectrum of the asphaltene i s  shown in Figure 1. Aside from the strong free 

radical signal at ~ 2 . 0 0  common to all asphaltenes, the only other feature  is a powder pattern spec- 
trum characteristic of an ion with an electronic spin S=1/2 and a nuclear spin I=7/2, located a t  a 
s i te  with axial symmetry. The  spin Hamiltonian describing such a system is 

g,, and gL are the components of the g-factor parallel and perpendicular to the symmetry axis z and 
A and A are the corresponding components of the hyperfine splitting constant. The second o r d e r  
solution giving the line positions a r e  
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for  

T h e  line positions measured from the spectrum in Figure 1 were fitted to Equations 2 and 
3 and the values of the spin Hamiltonian determined. They a r e  listed in Table I along with EPR 
data on several  synthetic vanadyl porphyrins. A comparison indicates that the source of the EPR 
spectrum is vanadyl etioporphyrin. Etioporphyrin i s  one of the most common porphyrins found in 
tar sands, oil shale and petroleum (15). 

TABLE I 

MPERIMENTAL EPR PARAMETERS FOR VARIOUS VANADYL PORPHYRINS 

Circle  Cliffs asphaltene 
VO Etioporphyrin 
VO Porphin in triphenylene 
VO Nlesoporphyrin dimethyl es ter  
VO Octamethyltetrabenzoporphyrin 
VO Tetrabenzoporphyrin 
VO Tetrapyridylporphyrin 
VO Tetraphenylprophyrin 
VO Phthalocyanine 

1.962 (3) 
1 .9629 
1 . 9 6 4  
1 .947  
1 . 9 4 4  
1 .962  
1 . 9 6 1  
1 . 9 6 1  
1 . 9 6 6  

1 .986  (1) 
1 .9862 
1 .985  

1 .980  
1 .985  
1 .984  
1 .986  
1 .989  

1 . 9 8 8  

1 7 . 2 0  (8) 
1 7 . 1 3  
1 7 . 4  
1 5 . 8  
16.3 
1 5 . 0  
1 5 . 7  
1 6 . 0  
15.8 

6 . 0 8  (6) 
6 .01  
5 . 9  
5 . 4  
5 . 8  
5 . 0  
5 . 4  
5 . 7  
5 . 6  

Present work 
10 
11 
12 
11 
11 
11 
13 
11 

There are at least two possible explanations for  the detection by EPR of a vanadyl porphy- 
r in  in  Circle Cliffs tar  sand in the present study when i t  remained undetected in the ear l ie r  work 
(7). Firs t ,  the porphyrin content may be quite variable in  the Circle Cliffs deposit. Secondly, UV 
spectroscopy is not as intrinsically sensitive as the EPR technique. In a recent study, Shultz and 
Seiucky (6) have applied both methods to  samples of Athabasca t a r  sand and found that they could oh- 
se rve  the 410 nm Soret band characteristic of vanadyl porphyrins, in fractions in which high con- 
centrations of V4+ were detected by EPR; however, in fractions with low vanadyl porphyrln concen- 
trations (as  determined by the V4+ EPR signals), no optical absorption could be observed. 

was necessary to solldify the sample at -20°C. The EPR spectrum of the fraction also indicates the 
presence of vanadyl etioporphyrin. 

Figure 2 shows the EPR spectrum of the mineral matter a t  g r 2 . 0 .  Of interest are the 6 
intense, broad lines (labelled I) and the 6 intense, sharp lines (labelled n). The average hyperfine 
splitting of the two ser ies  is ='9.3 mT which is characteristic of Mn2+ (S=5/2, I=5/2) in the tetra- 
gonal symmetry of a carbonate lattice (16). The carbonates common to the minerals associated 
with tar sands a r e  calcite, dolomite, magnesite, aragonite and rhodochrosite. The last two can be 
eliminated from the l ist  of candidates since their spectra  do not show any hyperfine splitting. Of 
the three remaining possibilities, an FTIR analysis of the mineral mat ter  shows dolomite to be the 
most likely. 

for  comparison. As can be seen, the characteristic broad line at 1441 cm-l  and the two sharp 
lines at 880 and 729 cm-' indicate that dolomite is one of the components of the mineral matter. 
Absent, however, a r e  the characteristic lines of calcite a t  1429, 876 and 710 cm-l and of magnesite 
at 1449, 885 and 746 cm-l (17). 

In o rde r  to  obtain a powder pattern spectrum of the petrolene which i s  a viscous fluid, it 

Figure 3 shows the FTIR spectrum of the mineral fraction and the spectrum of dolomite 

The appropriate spin Hamiltonian for  Mn2+ at a tetragonal s i te  in carbonates is  

H = @H.S+DISZ-S(S+l)]+AS 4) 

where D is the ze ro  field splitting constant. Since there  is  significant disagreement in the litera- 
ture  between the values of g, A and D reported for single crystal  dolomite (18, 19) and those 
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obtained for  polycrystalline samples (20), we have derived a revised set of EPR parameters  for  a 
sample of dolomlte for comparison with the tar sand mineral fraction spectrum. 

Mountain Range in Oklahoma was recorded and i s  shown in Figure 4a. The observed spectrum is 
actually a superposition of two spectra due to Mn2+ occupying two inequivalent s i tes  in the 
lV~gCa(COg)2 crystal lattice. The six more intense lines labelled "Mg" in Figure 4a, a r e  the al- 
lowed (-0) transition lines for Mn2+ substituted a t  Nig s i tes  and the s ix  less  intense lines labelled 
Wa", are the allowed lines for lvln2+ at Ca s i tes  (18-20). 

using a third order solution of the spin Hamiltonian derived by De Wijn and Van Ealderen (21) for 
line positions and an equation derived by Allen (22) for the line intensities. As  can be seen by com- 
parison with Figure 4a, agreement with the observed spectrum is very good with line positions re- 
produced to  wlthin & 0.07 mT. The values thus obtained for  the EPR parameters  are given in 
Table 11. 

The powder pattern spectrum of a polycrystalline dolomite sample from the Arbuckle 

The computer simulation shown in Figure 4b was calculated for  the allowed transitions 

TABLE IJ 

EPR PARAMETERS FOR hN2+ IN VARIOUS CARBONATES AND IN THE 
NUNERAL FRACTION OF CIRCLE CLIFFS TAR SAND 

Reference Sample - g A (mT1 4@?n 

binera l  Matter I 2.003+.001 -9.262.01 14.82.3 Present  work 
Nlineral Nlatter I1 2.003&.001 -9.482.01 --- Present  work 
Dolomite Mg si te  2.0028~.0001 -9.272.01 14.605.05 Present  work 
Dolomite Ca s i te  2.0028~.0001 -9.482.01 --- Present  work 
Calcite 2.0022. 001 -9.552.05 8.02.1 (24) 
Magnesite 2.0018+.0006 -9.222.01 9.02.1 (20) 

The spectrum of the mineral mat ter  fractlon of the tar sand sample (Figure 2) is  compli- 
cated by severe broadening and overlap; however, values of the magnetic parameters  g ,  and A ,  
have been obtained by fitting the peak line positions to the third o rde r  solution (21). D w a s  obtained 
using the equation by Bleaney and Rubins (23) 

where 

2 x = 2D /@H 
y = 8 (1-9m/@H) 

and 

z = l+Am/gpH 

which gives the splitting dh, between the main allowed transition l ines  and their corresponding 
"anomalous" lines in the powder pattern. The value of D for Mn2+ at an  ivig-site i s  such that only 
two anomalous lines can be observed (labelled "A" in Flgure 4a); in the case of the mineral mat ter ,  
because of severe broadening and overlapping, only one line is resolved (labelled "A" in Figure 2). 

The values of the EPR parameters derived from the mineral matter spectrum are given in 
Table I1 together with resul ts  for magnesite, calcite and dolomite for  comparison. It is obvious 
from the data that the spectrum can only be that of Mn2+ in dolomite with the lines designated as I 
and 11 corresponding to  substitutions a t  Mg and Ca s i tes ,  respectively. 

This is characteristic of Fe3+ which in this case is probably located at a s i te  in clay. 
Another f e a h r e  in the mineral matter spectrum i s  a line at g=4.2, shown in Figure 5. 

CONCLUSIONS 

The results of this study suggest that EPR, supplemented by ETIR, is  a particularly sen- 
sitive technique In the identification and characterhation of paramagnetic metal ions in the com- 
plex mixture of organic and mineral matter comprising tar sands. A s  demonstrated in the present 
work. EPR has the additional advantage of permitting a determination of the s i te  of metals, either 
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E?; SPECTRUM OF 
CIRCLE CLIFFS ASPHALTENE 
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Figure 1. EPR spectrum of Circle Cliffs 
tar sand asphaltene. 
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CIRCLE CLIFFS MINERAL MATTER : HIGH FIELD 

I 

F i g u r e  2 .  E P R  s p e c t r u m  of C i r c l e  C l i f f s  t a r  
s a n d  m i n e r a l  matter a t  92.2. 
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F i g u r e  3 .  FTIR s p e c t r u m  o f  ( a )  Circle C l i f f s  
t a r  s a n d  m i n e r a l  mat ter  ( b )  d o l o m i t e .  
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Figure 4. ( a )  EPR spectrum of polycrystalline 
dolomite. ( b )  simulation of (a). 
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CIRCLE CLIFFS 
MINERAL MATTER : LOW FIELD 

g-4.2 g-4.2 

Figure 5. EPR spectrum of Circle Cliffs tar 
sand mineral matter at 9 2 4 .  
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occurring in minerals or bound in organic complexes. This may be particularly useful when the 
mineral  phase and bitumen are not readily separable and their interactions have consequences for 
recovery processes (9). 

ACKNOWLEDGMENTS 

The authors express their  thanks to  Dr. J. F. Branthaver for providing the Circle Cliffs 
tar sand sample and to Dr. A .  J. Ehlmann of the TCU Geology Department for the dolomite sam- 
ple. This research  was supported by the TCU Research Fund and in par t  by The Robert A .  Welch 
Foundat ion. 

LITERATURE CITED 

Yen, T.  F . ,  Vaughan, G. B. and Boucher, L. J . ,  "Spectroscopy of Fuels", Plenum, NY, 
pp. 187-201 (1970). 
Dickson, F. E . ,  Kunesh, C. J., McGinnis, E. L. andPet rak is ,  L . ,  Anal. Chem., g,  
978 (1972). 
Saraceno, A.  J., Fanale, D. T.  and Coggeshall, N. D., Anal. Chem., 33, 500 (1961). 
Nasirov, R., Solodovnikov, S. P. andurazgaliev,  B. U . ,  Khim. Tekhnol. Topl. Masel, 
No. 1, 56 (1978). 
Niizuma, S., Steele, C. T. ,  Gunning, H. E. and Strausz, 0. P., me1,  E, 249 (1977). 
Schultz, K. F. and Selucky, M. L . ,  Fuel ,  E, 951 (1981). 
Branthaver, J. F. and Dorrence, S. l v l . ,  "Analytical Chemistry of Liquid Fuel Sources - 
T a r  Sands, Oil Shale and Petroleum", Advances in Chem., No. 170, ACS, pp. 143-149 

Malhotra, V. IVI. and Graham, W. R. M . ,  "Study of mineral  Fines in T a r  Sand Bitumen 
and Their Acid Sensitivity Using EPR and F U R  Techniques", accompanying paper. 
Malhotra, V. 1% and Graham, W. R. M. ,  "The Characterization of P. R. Spring (Utah) 
Tar Sand Bituaen by the EPR Technique: Free Radicals", Fuel, in p r e s s  (1983). 
Tynan, E. C. and Yen, T. F., J. Mag. Res. ,  z, 327 (1970). 
Lau, P. W. and Lin, W. C. ,  J. Inorg. Nucl. Chem., 31, 2389 (1975). 
Roberts, E. M . ,  Kosky, W. S. and Caughey, W. S., J. Chea .  Phys., 34, 591 (1961). 
Sato, M. andKwan, T . ,  Bull. Chem. Soc., Japan, 47, 1353 (1974). 
Assour, J. M . ,  Goldmacher, J. and Harrison, S. E., J. Chem. Phys., 43, 159 (1965). 
Baker,  E. W., Yen, T. F., Dickie, J. P., Rhodes, R. E. andClark ,  L. F., J. Amer. 
Chem. Soc., 3 (14), 3631 (1967). 
Van Wieringen, J. S., Disc. Faraday Soc., 19, 118 (1955). 
Chester ,  R. and Elderfield, H., Sedimentology, 2, 5 (1967). 
Schindler, P. and Ghose, S., Trans.  Am. Geophys. Union, so, 357 (1969). 
Vinokurov, W. M., Zaripov, IVl. M. and Stepanov, V. G . ,  Soviet Phys. Cryst . ,  5, 83 
(1961). 
Wildeman, T.  R.,  Chem. Geol. ,  2, 167 (1969). 
De Wijn, H. W. and Van Balderen, R. F. ,  J. Chem. Phys., e, 1381 (1967). 
Allen, B. T . ,  J. Chem. Phys., 43, 3820 (1963). 
Belaney, B. and Rubins, R. S., Proc.  Phys. Soc., 11, 103 (1961 
Malhotra, V. IVL and Graham, W. R. M., "The O r i g i n  of the i v m k +  EPR Spectrum in 
Pittsburgh No. 8 Bituminous Coal", submitted to Fuel (1983). 

(1978) 

142 

1 


